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ABSTRACT
The friction stir processing (FSP) and welding of nickel aluminum bronze (NAB) is used for a variety 
of naval applications, with the possibility of laser peening (LP) being used as a method for 
densification and mitigation of residual tensile stress. This paper investigates the beneficial effects 
of FSP on NAB passivity, and provides important benchmark data for future studies. Further 
enhancement of FSP NAB through application of LP will be discussed in subsequent papers, using 
the data presented here as a basis of comparison. This work shows that FSP has a beneficial effect 
on both the microstructure of this alloy, as well as on the integrity of the passive film formed in 
chloride electrolytes, including natural seawater. In addition to using a variety of characterization 
techniques to determine the effects of friction stir processing on microstructure, including scanning 
electron microscopy (SEM) with focused ion beam milling, we have used cyclic polarization (CP) 
and electrochemical impedance spectroscopy (EIS) to develop an understanding of passive film 
behavior for this material in the as-received state, as well as after friction stir processing. A variety 
of interfacial impedance models have been explored for fitting the data, including transmission line 
models. Results on this important alloy, before and after processing will be presented.
Key words: nickel aluminum bronze, NAB, friction stir processing, FSP, friction stir welding, FSW, laser 
peening, LP, cyclic polarization, CP, electrochemical impedance spectroscopy, EIS, scanning electron 
microscopy, SEM
INTRODUCTION
Friction stir processing (FSP) and friction stir welding (FSW) of nickel-aluminum bronze (NAB) is a 
promising combination of processing and material for a variety of important naval applications. Such 
processing has a dramatic effect on both the microstructure of this alloy, as well as on the integrity of 
the passive film formed in chloride electrolytes, including natural seawater. In addition to using a variety 
of characterization techniques to determine the effects of FSP on microstructure, including scanning 
electron microscopy (SEM) with energy dispersive analysis of X-rays (EDAX) and focused ion beam 
(FIB) milling, we have used in situ electrochemical techniques including cyclic polarization (CP) and 
electrochemical impedance spectroscopy (EIS) to develop an understanding of passive film behavior 
for this material in the as-received (AR) and FSP states.
Cyclic polarization of AR and FSP NAB has shown that that FSP decreases the number of 
electrochemically active sites for oxygen reduction. Electrochemical impedance spectroscopy has 
enabled the effects of FSP on passive film structure and stability to be understood more fully than 
otherwise possible. Equivalent circuit models of the AR & FSP NAB interfaces have been developed to 
fit impedance spectra. Such modeling has shown that passive films formed on multiple phases in the 
alloy (,,) require multiple time-constant model to reflects three phases lying beneath the 
corresponding multi-phase passive film.
Improvements in the passivity of FSP NAB have been demonstrated with EIS of NAB in the AR and 
FSP conditions. A wide variety of impedance models have been explored for fitting the data, including 
the well-known Unified Transmission Line (UTL) models. After the investigation of tens-of-models, we 
have found a relatively simple impedance model that fits the data very well, with parameters reflecting 
changes in passivity as samples transition from the AR to the FSP state. This electrical circuit model 
has multiple time constants, which were found essential for adequately fitting the impedance data, and 
is also conceptually consistent with microstructural observations of the interface.
Nickel Aluminum Bronze (NAB) posses a unique combination of high strength, high fracture toughness, 
and high ductility, with casting being used as the main manufacturing process for forming it into shapes 
of practical importance, such as propellers for ships [1-2]. During casting, the relatively slow cooling 
rates experienced can lead to large coarse grains. Such coarse microstructure and porosity have been 
found to cause decreased material performance. Porosity makes the propeller more prone to 
cavitations, thereby decreasing the service life of the propeller. The use of Friction Stir Processing 
(FSP) is a state-of-the art processing technique that can be used both grain refinement and the 
elimination of porosity and voids in the near-surface region of the material. NAB is a two-phase Cu-
based alloy with 5 to 8.5-9.5 wt. % Al, 4.0-5.0 wt. % Ni, 3.5-4.5 wt. % Fe, 0.8-1.5 wt. %  Mn, with less 
than 0.10 wt. % Si and less than 0.03 wt. % Pb. The composition of this alloy has been published in a 
number of papers, and is repeated in Table 1 [3]. Three metallurgical phases would be expected to 
appear during cooling, depending upon composition and rate:
1. -phase: Cu-rich solid-solution (FCC)
2. -phase: Al-rich intermetallic (NiAl and Fe3Al)
3. -phase: Retained martensitic structure
Friction Stir Welding (FSW) and Friction Stir Processing (FSP) are closely related processes [McNelley 
et al. 2004]. FSW is a solid-state joining process where a rotating pin traverses a joint between two 
adjacent pieces of metal, plastically deforming and frictionally heating the two mating surfaces, mixing 
the material at the interface together, thereby creating a weld.  Unlike other joining processes that 
cause melting, FSW has no fusion zone. FSP is a solid-state grain-refining process wherein a rotating 
pin is first forced into the work piece, and is then forced to traverse along the surface of work piece. 
FSW is used to join very large sheets of aluminum to construction of airplanes, and to join air frames to 
the overlying airfoil. It has also been investigated as a means of performing underwater repair of ship 
hulls and other structures. During FSP stirring causes frictional heating, plastic deformation, and grain 
refinement. Any insight gained into FSP and the impact of this process on passive film stability and 
corrosion resistance is also therefore relevant to FSW.
EXPERIMENTAL PROCEDURE
The surface of NAB plate were subjected to FSW with a tool rotation speed of 1200 revolutions per 
minute (rpm) and a travel speed of approximately 2 inches per minute (ipm). Composite of metallurgical 
cross-sections showing the transverse view of a typical alloy sample subjected to FSP are shown in 
Figure 1. In this figure, the stir zone (SR), the heat affected zone (HAZ), and the thermomechanically 




Figure 1: Composite of metallurgical cross-sections showing the transverse view of a typical 
alloy sample subjected to FSP, with the general location of samples 2, 4 and 7 that will be 
discussed here identified. The stir zone (SR), the heat affected zone (HAZ) and the thermo-
mechanically affected zone (TMAZ) are all clearly shown in this cross section.
The corrosion of NAB has been previously investigated [4]. The enhancement of NAB passivity with 
FSW has been studied with both cyclic polarization (CP) and electrochemical impedance spectroscopy 
(EIS), and for the first time reported here. A standardized electrochemical test station used for this 
study is comprised of: (1) a multichannel potentiostat procured from Gamry Corporation, which are co-
located inside the cases of the personal computers used for their control; (2) a three-electrode 
electrochemical cell constructed from borosilicate glass (Pyrex); a working electrode assembly (with AR 
or FSP NAB samples); (3) a graphite rod counter electrode; (4) a silver-silver chloride (Ag/AgCl/KCl) 
reference electrode; (5) electrolyte consisting of aqueous solution of NaCl or natural seawater; and (6) 
temperature control system capable of heating the electrolyte to temperatures near the boiling point 
(well above 100C in the case of some salt solutions), without any evaporative loss of water. 
A standard silver silver-chloride electrode, filled with near-saturation potassium chloride solution, is 
used as the reference, and communicates with the test solution via a Luggin probe placed in close 
proximity to the working electrode, thereby minimizing Ohmic losses. Numerical corrections for the 
reference electrode junction potential have been estimated, and have been found to be insignificant. 
The electrochemical cell is equipped with a water-cooled junction to maintain reference electrode at 
ambient temperature, thereby maintaining integrity of the potential measurement, and a water-cooled 
condenser to prevent the loss of volatile species from the electrolyte.
It has been found that Electrochemical Impedance Spectroscopy (EIS) is an effective means of 
revealing differences in passive film behavior on NAB as a result of FSP. After the investigation of tens-
of-models, we have found a relatively simple impedance model that fits the data very well, with 
parameters reflecting changes in passivity as samples transition from the AR to the FSP state. This 
electrical circuit model has multiple time constants, which were found essential for adequately fitting the 
impedance data, and is also conceptually consistent with microstructural observations of the interface. 
From FIB SEM results, we know that such a passive film consists of several types of discrete passive 
film regions, with each type covering specific metallurgical in the underlying polycrystalline alloy. 
Results on this important alloy, before and after processing will be presented in subsequent sections of 
this publication. However, principles underlying EIS as it is applied to FSP NAB are first reviewed.
RESULTS
The microstructures FSP NAB surfaces have been investigated with scanning electron microscopy
(SEM) with the results shown in Figures 2 through 5. This image shows two distinctive regions: (1) the 
stir zone; and (2) the eutectoid region. The stir zone consists of finely dispersed regions of -phase and 
transformed -phase. The FCC -phase region with fine ii (Fe3Al). The eutectoid region consists of -
phase with precipitated iii (NiAl) crystallites. The larger precipitates seen in the eutectoid region are ii
(Fe3Al), surrounded with iii (NiAl) crystallites. These may serve as pit initiation sites.
An SEM image of the surface of an AR NAB sample (identified as Sample #2) after corrosion testing is 
shown in Figure 2. The morphology of the surface suggests discrete regions covered with different 
types of oxide: (1) one type of oxide covering the lamellar eutectoid region, which consists primarily of the 
- and iii-phases; and (2) a second type of oxide covering the FCC -phase region. The adherent 
oxide film covering the lamellar eutectoid region shows facetted growth. As shown in Figures 3 and 4, 
pitting is clearly visible on the oxide covered surface, and appears to be predominantly within the oxide-
covered lamellar eutectoid regions. An SEM image of the surface of an FSP NAB sample (identified as 
Sample #7) after corrosion testing is shown in Figure 5. These corroded FSP stir-zone regions appear
to be uniformly oxidized. In this case, the oxide crystals on the sample surface are much finer after FSP
(diameter ~ 0.2 mm) than in the AR condition (diameter ~ 1 mm).
The anodic branches of the cyclic polarization (CP) curves shown in Figures 6 and 7 reflect the rate of 
the oxidation reactions that occur during the anodic portion of the potential scan, and show 
reproducibility. These oxidation reactions include both anodic dissolution, as well as oxide film growth 
(passive film formation). In contrast, the cathodic branch shown in this CP curve reflects the rates of the 
reduction reactions that occur during the cathodic portion of the potential scan. Based upon this CP 
testing, it is concluded that friction stir processing (FSP) modifies the nickel aluminum bronze (NAB) 
surface in a way to enhance passive film stability, thereby leading to higher required potentials for 
passive film breakdown. It is further concluded that FSP lowers the current density associated with the 
cathodic reduction reactions required to drive corrosion. This observation is consistent with a postulated
loss of electro-catalytically active sites on surface for reduction reactions. Active sites could be lost due 
to crystallites serving as active sites being swept beneath the surface of the alloy during FSP, and the 
three-dimensional (3D) surface area of these sites reduced by grain refinement induced by FSP. 
Passive films formed on FSP NAB appear to have: (1) greater passive film stability, even when 
polarized at very high anodic potential; and (2) suppressed electro-catalytic activity, which lowers the 
rates of those reduction reactions required to drive anodic oxidation.
Electrochemical impedance spectroscopy (EIS) has been used to investigate the integrity of the 
passive film formed on AR NAB (Sample #2), and samples with various area fractions modified by FSP 
(Samples #4 and #7), as shown in Figures 8 and 9. The surfaces of Samples #4 and #7 are completely 
modified by FSP. Increases in the amplitude of the complex impedance at low frequency (below 1,000 
Hz) are correlated with increased modification of the surface by FSP, which appears to cause the 
formation of a passive film with finer oxide crystallites, thereby increasing the resistance of the passive 
film, along with the corrosion resistance. This EIS data shows unambiguously that FSP can improve the 
passivity and corrosion resistance of complex alloys like NAB. A more complete understanding of the 
large changes in the EIS data with FSP modification requires the development of mathematical models, 
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Figure 2: Microstructure of FSP NAB (1200 rpm & 2 ipm)
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Figure 3: As-Cast NAB (Sample #2) Regions Following Corrosion Testing
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Figure 4: As-Cast NAB (Sample #2) Regions Following Corrosion Testing
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Figure 5: As-Cast NAB (Sample #7) Regions After Corrosion Testing
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Figure 6: Cyclic Polarization (CP) of Friction Stir Processed Nickel Aluminum Bronze (FSP NAB)
in Seawater at 30C: 1 = Below Surface with No FSP; 7 = Outer Surface with FSP
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Figure 7: Cyclic Polarization (CP) of Friction Stir Processed Nickel Aluminum Bronze (FSP NAB) 







Figure 8: Effect of FSP Surface Modification on NAB Passivity in Seawater at 30C. The 
amplitude of the complex impedance is plotted against the left axis (10 to 10,000 ohms), the 
phase angle I plotted against the right axis (0 to -80 degrees), and the frequency range extends 





Figure 9: Effects of FSP Surface Modification on NAB Passivity in Seawater at 90C. Axes are 
identical to those shown in the previous figure.
After the investigation of several models with a wide range of complexity, we have found that a 
relatively simple impedance model that is conceptually consistent with SEM observations of the 
interface is capable of fitting the EIS data very well, with parameters reflecting changes in passivity as 
samples transition from the AR to the FSP state. From out SEM observations, we now know that such 
the passive film formed on AR NAB consists of at least two distinct types, with each type covering a 
specific metallurgical phase in the underlying polycrystalline alloy. The morphology of the surface 
suggests discrete regions covered with different types of oxide: (1) one type of oxide covering the 
lamellar eutectoid region, which consists primarily of the - and iii-phases; and (2) a second type of 
oxide covering the FCC -phase region. Development of the model begins with an expression for the 
overall complex admittance the exposed surface:
zziviviiiiiiiiiitotal YxYxYxYxYxYxY ˆˆˆˆˆˆˆ   (Equation 1)
Each term in this expression for the admittance corresponds to the passive film covering the 
metallurgical phase indicated by the subscript (Figure 11). The last term is included to account for 
unknown phases, or perhaps the effect of pitting on the interfacial impedance.
ii iii  iv
Electrolyte

zziviviiiiiiiiiitotal YxYxYxYxYxYxY ˆˆˆˆˆˆˆ  
Figure 10 – FSP NAB EIS Model #0 Simple Single Time Constant RC Network  
Given the complexity of the AR FSP surface evident in the SEM images, it is not surprising that the 
simple single time-constant model was found to be incapable of fitting the data. The impedance models 
explored to explain the EIS data for AR and FSP NAB include: Model #1, a series combination of 
Warburg, Gerischer and Unified Transmission Line (UTL) impedances (Figure 12); and Model #6, a 
series combination of Warburg, Gerischer and three parallel RC-circuit impedances (Figure 13). It was 
found that more complicated multiple time-constant models (Models #1 and #6) were required to fit the 
data over the entire range of frequency extending from 0.01 Hz to 300 kHz. Fitting was done with a 
simplex-type optimization program that determined model parameters by seeking out the minimum in 
the sum-of-squares surface (minimum in error between prediction and observation). Supporting 



















Figure 12: FSP NAB EIS Model #6: A Series Combination of Warburg, Gerischer, and Three 
Parallel RC-Circuit Impedances
Model #1 is a series-parallel combination including a solution resistance, a double layer capacitance, 
the Warburg impedance, the Gerischer impedance, and a unified transmission line (UTL) impedance is 
capable of fitting the data for both AR and FSP NAB interfaces very well. Model #6 has fewer model 
parameters than Model 1, and is also capable of fitting these data. This simplified model is a series-
parallel combination including a solution resistance, a double layer capacitance, the Warburg 
impedance, the Gerischer impedance, and three “resistor-capacitor branches” in parallel. Conceptually, 
both models seem consistent with features seen in the SEM images of the passive film structure. The 
goodness of fit for Models #1 and Models #6 are evident in Figures 13 and 16. The trends in the 
parameters for Models #1 and #6 are shown in Figures 17 and 18. In regard to the trend in the 
parameters for Model #1, the solution resistance and double layer capacitance (R1 and C2) are 
independent of FSP, as expected. However, the interfacial resistance values associated with passivity 
(RB12 and RA14) increase three orders-of-magnitude (1103) moving from the as-received condition 
(Sample #2 – AR) to the friction stir processed condition (Sample #7 – FSP). The conclusion is that the 
beneficial effect of FSP on passivity of NAB is clearly evident in the quantitative parameters for the 
mechanistically based EIS model.  While not as dramatic as the changes in the resistance values for 
Model #1, significant increases in the interfacial resistance parameters (R6 and R8) for Model #6 are 
also evident. Of the models considered thus far, the conceptual porous film model represented by 
Model #1 with the UTL impedance element may provide the best representation of the FSP-modified 
passive film on NAB.
Figure 13 : AR (Sample #2) NAB SW 30C Data Fit to EIS Model #1: A Series Combination of 
Warburg, Gerischer and Unified Transmission Line (UTL) Impedances.
Figure 14: FSP (Sample #6) NAB SW 30C Data Fit to EIS Model #1: A Series Combination of 
Warburg, Gerischer and Unified Transmission Line (UTL) Impedances
Figure 15: AR (Sample #2) NAB SW 30C EIS Model #6: A Series Combination of Warburg, 
Gerischer and Three Parallel RC-Circuit Impedances with Locked Electrolyte Parameters
Figure 16: FSP (Sample #6) NAB SW 30C EIS Model # 6: A Series Combination of Warburg, 
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Figure 17 – AR & FSP NAB SW 30C Data Fit to EIS Model # 1: A Series Combination of 
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Figure 18: AR & FSP NAB SW 30C Data Fit to EIS Model # 6: A Series Combination of Warburg, 
Gerischer, and Three Parallel RC-Circuit Impedances.
CONCLUSIONS
Friction stir processing (FSP) and friction stir welding (FSW) of nickel-aluminum bronze (NAB) is a 
promising combination of processing and material for a variety of important naval applications. Such 
processing has a dramatic effect on both the microstructure of this alloy, as well as on the integrity of 
the passive film formed in chloride electrolytes, including natural seawater. In addition to using a variety 
of characterization techniques to determine the effects of FSP on microstructure, including scanning 
electron microscopy (SEM) with energy dispersive analysis of X-rays (EDAX) and focused ion beam 
(FIB) milling, we have used in situ electrochemical techniques including cyclic polarization (CP) and 
electrochemical impedance spectroscopy (EIS) to develop an understanding of passive film behavior 
for this material in the as-received (AR) and FSP states.
SEM of AR and FSP NAB samples, before and after corrosion testing, has revealed dramatic changes 
in the morphology of the passive film as a result of this type of surface modification. The morphology of 
the surface suggests discrete regions covered with different types of oxide: (1) one type of oxide 
covering the lamellar eutectoid region, which consists primarily of the - and iii-phases; and (2) a second 
type of oxide covering the FCC -phase region. The adherent oxide film covering the lamellar eutectoid 
region shows facetted growth. Pitting is clearly visible on the oxide covered surface, predominantly on 
the oxide-covered lamellar eutectoid region. Corroded FSP stir-zone regions appear to be uniformly 
oxidized, with oxide crystals on the surface modified with FSP much finer (diameter ~ 0.2 mm) than in 
the as-received condition (diameter ~ 1 mm).
Cyclic polarization of AR and FSP NAB has shown that that FSP decreases the number of 
electrochemically active sites for oxygen reduction. Electrochemical impedance spectroscopy has 
enabled the effects of FSP on passive film structure and stability to be understood more fully than 
otherwise possible. Equivalent circuit models of the AR & FSP NAB interfaces have been developed to 
fit impedance spectra. Such modeling has shown that passive films formed on multiple phases in the 
alloy (, , ) require multiple time-constant model to reflects three phases lying beneath the 
corresponding multi-phase passive film.
The significant effects of FSP on passive film behavior are being studied with Electrochemical 
Impedance Spectroscopy (EIS). Electrochemical impedance spectroscopy (EIS) has been used to 
investigate the integrity of the passive film formed on AR NAB, and samples with various area fractions 
modified by FSP. Increases in the amplitude of the complex impedance at low frequency (below 1,000 
Hz) are correlated with increased modification of the surface by FSP, which appears to cause the 
formation of a passive film with finer oxide crystallites, thereby increasing the resistance of the passive 
film, along with the corrosion resistance. This EIS data shows unambiguously that FSP can improve the 
passivity and corrosion resistance of complex alloys like NAB.
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